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Urease enzyme was crystallized almost a century ago, and to this day its intrinsic 
stability is not ideal for everyday applications. This work introduces a new process by 
which a naturally encapsulated material, watermelon seed powder (WMSP), is 
characterized for its stability and activity. WMSP enzymatic activity has been measured 
for over a year at various storage conditions—exposed to ambient atmosphere for a 
year, WMSP retained above 90% activity. In aqueous conditions, the enzyme 
maintained above 60% activity after two months; with the addition of a preservative that 
number stays at about 90%. There is a pH shift of the maximum activity at 8.1 pH in 
addition to a broadening of the activity curve allowing for a wider range of reactions. 
 In Chapter 3, immobilization techniques were employed on these powders, 
enhancing their usability and in turn presented some interesting dynamics. One of the 
techniques physically encapsulated the WMSP inside a porous resin, essentially 
creating a urea-ammonia exchange resin. These particles were subject to 10 cycles of 
urea hydrolysis, without any change in the urea-urease clock reaction. The agar 
immobilized WMSPs exhibited a behavior called quorum sensing. That is a biological 
communication process by which bacteria express certain genes when a “quorum” or 
sufficient number are in proximity of each other. With certain parameters, the particles 
will not clock individually, but when in a cluster of particles, the autocatalysis occurs. 
This property was then coupled with a hydrogel polymerization that gels in basic 
conditions. The WMSP particles in principle are biofilm generating analogues. Lastly, 
Chapter 4 presents an application of WMSP as a base generator for several adhesive 




CHAPTER 1. INTRODUCTION: UREASE ENZYME DISCOVERY AND 
APPLICATIONS 
1.1. The 1946 Nobel Prize for the Crystallization of Urease 
In 1926 James B. Sumner phoned his wife and said, “I have crystallized the first 
enzyme1.” Like many scientists, he was eager to share a breakthrough or discovery he 
made in the laboratory. There, J. B. Sumner crystallized urease from jack bean seeds. 
He began studying urease from jack beans over a decade earlier. By using the jack 
bean2 in a crushed meal-form he was testing the urea content in various bodily fluids 
and tissues.1, 3 Using this crude product from a coffee grinder, he was able to catalyze 
the decomposition of urea into ammonia to be analyzed. 
 Professor Sumner, while working on the jack bean meal, noticed that there were 
variabilities in the activity of this plant-derived material. He had some batches of seeds 
which were rich in enzyme, and others when received showed much lower amounts. 
Lack of reproducibility and huge sample variability are typical problems encountered 
when working with natural materials. To circumvent this, he had a plant physiologist 
grow jack beans from a batch of seeds he knew had high activity. The corresponding 
seeds then in turn exhibited high enzyme amounts. This is one of the challenges when 





Figure 1.1. Lyophilized urease enzyme from jack bean seeds.  
To standardize and overcome these variabilities, Sumner would have to determine if it 
were possible to extract or purify the enzyme. Using various combination of solvents 
from alcohol to acetone he was able to determine that using water and acetone in a 
certain ratio, a purified substance was precipitated. 
 The crystalline material had a very regular morphology to it. These particulates 
then of course had high purity, with recrystallization increasing the purity.1 This laid the 
foundation for which Professor Sumner would go on to win the Nobel in 1946—the 
discovery that enzymes are in fact proteins. The urease enzyme has been further 
shown to be nickel-centered, with jack bean urease specifically having two nickel 
centers per active site.4 
1.2. Urease in Plants 
 
Figure 1.2. Hydrolysis of urea catalyzed by urease. 
Urease plays an important role in a plant’s metabolic cycle. Urease catalytically 
converts urea into ammonia and carbon dioxide, Fig. 1.2. This means that the plant can 




nitrogen in fertilizer. Internally, urease is proposed to work in conjunction with the 
ornithine cycle and glutamine synthase to produce glutamine.5-8  
 Germination of many seedlings is highly impacted by imbibition of water. When 
plants were treated with urease inhibitors, germination was stunted for 36 hours and 
completely with aged seeds.9 
 
Figure 1.3. Proposed plant metabolism of urea.  
Other legumes are also rich sources of urease enzyme. By following a similar process 
to the extraction of urease from jack beans, studies on garden pea (Pisum sativum)10, 
pigeon pea (Cajanus cajan)11, and even soybeans (Glycine max)12 have been done. By 
using an aqueous mixture of acetone the investigators then characterize and can further 
purify the resulting enzyme. 
1.3. Urease in Helicobacter pylori 
Another notable source of urease is the bacteria H. pylori commonly found in the 
mucosal lining of the stomach. To survive the low pH environment, Helicobacter pylori 
not only is chemotactic in that it seeks areas of more favorable pH but it also secretes 





Figure 1.4. Helicobacter pylori diagram of urease stabilizing the surrounding pH in the 
stomach lining.  
In the steps leading to gastritis and peptic ulcers, the bacteria must burrow into the 
lining of the stomach. To establish a colony and grow, the bacteria produce urease 
enzyme. Researchers at Boston University, Harvard Medical School, and MIT 
discovered that not only does the urease enzyme allow for colonization but it also 
increase the motility of the bacteria.15 By measuring the viscoelasticity of the mucin at 
high and low pH and observing the bacteria in mucin within those conditions, they saw 
at 4 pH the flagella move but no movement of the head, whereas at 6 pH the mucin was 
much thinner allowing for the bacteria to freely traverse its surroundings.   
Using this behavior that H. pylori secretes urease enzyme into the surrounding 
mucosa, there are several diagnostic tests to detect the enzyme, which in turn indicates 
infection with H. pylori.16 Two notable tests that use the hydrolysis of urea are the rapid 
urease test, known as the Campylobacter-like organism test (CLO), and the urea breath 
test. In the rapid urease test, a biopsy of the stomach mucosa is taken to be analyzed. 
The tissue sample is then placed on a testing kit that contains urea and a pH indicator, 
i.e., phenol red, that changes color with the production of base. This qualitative test 




potential issue is that if the sample were slightly basic, then the test would show a false 
positive for infection. To mitigate this, samples can be acidified prior to analysis.17  
 
Figure 1.5. CLO test and Hp fast test, both with pH indicators that detect an increase in 
pH from the hydrolysis of urea with a tissue sample containing urease enzyme.18 
The other common diagnostic test is the breath test in which a sample of 13C or 14C 
marked urea is orally given to the patient. Prior to ingesting the urea, the patient blows 
into a sample bag as a breath control to be analyzed. With the marked urea in your 
system and if H. pylori were present and had secreted urease, the hydrolysis would 
occur producing ammonia and carbon dioxide. This carbon dioxide is now either 13CO2 
or 14CO2, and then is captured in the next breath sample. Both bags of the patient’s 
breaths would then be analyzed on a mass spectrometer—first the control breath 
sample would be a baseline and then the post-urea-ingestion breath would show the 
isotopic carbon dioxide presence. This is a non-invasive and relatively fast method to 






CHAPTER 2. WATERMELON SEEDS AND UREASE ENZYME 
2.1. Introduction 
The specific origin of the watermelon is up for debate19-21, but it is generally accepted 
that the fruit originated in Africa and was then spread through the Mediterranean and 
surrounding areas. From the ancient Egyptians, the fruit has been found in old burial 
tombs as old as 4,000 years ago including King Tut’s tomb.21 It is theorized that the 
Egyptians used the fruit as a source of water, as the watermelon back then was not the 
sweet fruit we know today.  
 
Figure 2.1. Images of watermelons seen in Egyptian tombs, with the first two images 
detailing the wild spherical type. The elongated kind in the third image most likely is a 
cultivated version.20 
In ancient Greece, Hippocrates in 400 BCE wrote in Regimen of the pepon, a sun-
ripened fruit. Dioscorides in 70 CE wrote about the pepon having a rind that can be 
placed on a child’s head to cool the child down. This practice is done even to today for 
amusement purposes. Galen wrote in On the Properties of Foods about the pepon 




a “refrigerant mixime” in book 20 of his Historia Naturalis. The Roman Emperor 
Diocletian even mentions the pepones in his edict on maximum prices, De Pretiis 
Rerum Venalium.20  
As people throughout the region began the breed these plants, it was desired to 
cultivate a sweeter plant. The change from white fleshed to yellow then to our familiar 
red is attributed to selective breeding for the sweet variants. In the 14th century, an 
illuminated manuscript, Tacuinum Sanitatis, first depicts the red watermelon we know 
today22, Figure 2.2. 
 
 
Figure 2.2. Watermelons drawn in an illuminated manuscript with the familiar red flesh, 
A) Vienna 2644 folio 21r, B) Paris 9333 folio 18r.22 
With the fruit being made sweeter with each iteration, particular attention and care must 
have been shown to the seeds. Different cultures today eat the seeds, similar to roasted 




In these seeds are the biological blueprint for the plant that has spanned over 
5,000 years of our world’s history. Many nutrients, DNA, proteins, and enzymes are 
contained in each seed. One enzyme that is of particular interest is urease. Besides the 
previously mentioned legumes, watermelon seeds are a source of an abundance of 
urease. With this in mind, much research has been done on the extraction23-27 and 
utilization28-31 of this enzyme.32-35 
2.2. Watermelon Seed Powder (WMSP) 
The urease enzyme in watermelon seeds (WMS) can be utilized in many different 
applications that require a change in pH, specifically basic conditions as ammonia is 
produced (see Figure 1.2). These examples will be presented subsequently. In order to 
utilize the urease enzyme in watermelon seeds, an extraction or exposure of the 
enzyme must be done. Initial use of the WMS was through hand-grinding by mortar and 
pestle. Though this worked to expose the enzyme to aqueous urea, the variation and 
effort required to produce ground watermelon seed (GWMS) was intensive. To facilitate 
reproducibility of samples, a coffee grinder was used to grind batches of seeds. The 






Figure 2.3. Ground watermelon seeds from coffee grinder, with heterogeneous husks 
seen in image produced from light microscopy 5X. 
The GWMS from the coffee grinder seen in Figure 2.3 showed large pieces of the seed 
husk still present in the mixture. This becomes problematic when trying to disperse the 
GWMS in a media or solution. Buoyancy of the heterogeneous components are all 
different, thus some pieces float, some sink, and some remain buoyant. 
 To further increase the homogeneity of the sample, a flour mill that grinds at 
25,000 rpm was purchased to mill the WMS into a fine powder, husks included. Since 
the milling was quite vigorous, the shear friction from the process generated heat. This 
then limited the milling process to 1-2 minutes of milling as to not overheat and preserve 
the enzyme’s integrity. Freezing the seeds or subjecting them to liquid nitrogen does 
allow for 1-2 more minutes of milling as the temperature starts off lower, but this was 
shown to not be necessary. The milled watermelon seeds (MWMS), were much more 





Figure 2.4. MWMS (left), watermelon seeds milled with flour mill at 25k rpm and WMSP 
(right), watermelon seed powder extracted from MWMS with acetone sedimentation and 
filtration. 
From this step, it was noticed that the milled seeds are quite clumpy, almost like a wet-
cake material. Since Sumner managed to crystallize urease enzyme from acetone, this 
then indicates that the enzyme is insoluble or slightly soluble in acetone. This also 
means that it is possible to use acetone as a drying agent for the MWMS without 
unwanted extraction of the urease enzyme from the seeds. Using a minimum ratio of 2 
to 1 by volume acetone to ground watermelon seeds, the mixture was left stirring 
overnight to fully extract the water. Upon observation of the acetone seed mixture the 
following day, a suspended layer was seen above the seed husks, which easily settle 
when agitation is stopped. 
The acetone seed mixture was then passed through a 120-mesh screen 
(aperture 125 microns) to remove the husks. The resulting turbid solution then was then 
filtered through a Büchner funnel with a Whatman® #1 filter with an aperture size of 11 
microns. Initially when building the wet-cake on the Büchner funnel, some material will 
be loss due to the particle size being smaller than the filter paper’s pore size. This 




acetone that passed through is yellow in color most likely due to other extractives, such 
as lipids. This acetone step in an actual enzyme extraction is called a de-fattening step.  
The acetone attained after filtration was high in seed oil and was a transparent 
yellow in color. By evaporating the acetone in successive steps, it was possible to 
concentrate the oil to be analyzed. This seed oil was then tested on a Bruker Tensor 27 
FTIR spectrometer equipped with an ATR MIRacle™ diamond attachment. 32 scans 
were performed from 4000 to 650 cm-1 with a resolution of 4 cm-1. Using the peaks 
attained from the scans, comparing to an FTIR database showed a high match for 
castor oil27, 36, see Figure 2.5. Castor oil is primarily comprised of a triglyceride of 
ricinoleic acid37 and some oleic and linoleic acid components. It is also pressed from 
castor beans. Though the peaks are not a perfect match, they share many of the strong 
bands indicating that the WMS oil is most likely a mixture of triglycerides of fatty acids 
as well. 
 
Figure 2.5. FTIR ATR scan (left) of oil from acetone de-fattening of watermelon seeds, 
(right) FTIR scan of liquid film of castor oil standard copied from AIST.36 
Once the acetone passed through and the wet-cake was drying out, a secondary wash 















filter paper wet-cake is too thick, acetone may not easily pass through and a second 
filter paper filtration may be required for any remaining acetone and seed solution.  
 
Figure 2.6. Milling, extraction, and filtration steps for producing WMSP: A) milling of 
WMS with flour mill, B) acetone addition to milled WMS, C) 120 mesh filtrate after 
overnight stirring of MWMS in acetone, D) wet-cake from Buchner funnel filtration 
After the clean acetone wash was done, the tan-colored wet-cake material can be 
vacuum oven dried for expedience or allowed to dry overnight in the hood. The material 
will become lighter in color as it dries from a dark brown to a light tan powder. This 
powder is watermelon seed powder (WMSP) and will be shown to have high amounts of 
protein content, namely urease enzyme.  
2.3. Characterization of the Watermelon Seed Powder 
2.3.1. Morphology and Physical Properties 
The fluffy tan powder has a bulk density of 0.21 g/cc measured by a 10 mL graduated 
cylinder with funnel. With every batch made the yield hovered around 25% ± 2% by 
weight of seeds used. Under light microscopy using a Nikon Eclipse 50i microscope 
with a Nikon DS-Fi1 camera attachment, this powder has a regular shape that can be 
dispersed in aqueous or organic systems with little aggregation. Initially it was 




observation of the highly regular particles leaves doubt to the 25,000 rpm milling’s 
efficiency to make such particles in such a short time of 1-2 minutes. 
 
Figure 2.7. Light microscopy 20X (left) and secondary SEM 750X images of the 
watermelon seed particles, WMSP 
To substantiate the claim of these particles being inherent to watermelon seeds, it 
would have to be seen in the seeds prior to any processing. Using SEM one can see 
morphological surface textures that could indicate the presence of these particles. The 
Shared Instrument Facility, SIF, at LSU has a JEOL JSM-6610LV that can view up to 
75,000X to easily see the seeds and their structures. Sample preparation for the seeds 
included submersion in liquid nitrogen to freeze them. This allowed for a clean cross 
section both laterally along the seed and across the seed’s midsection. The sectioned 
seeds were then placed on SEM aluminum stubs and platinum coated for two coating 





Figure 2.8. Secondary SEM imaging of cross sections of WMS: A & B) lateral cross 
section of WMS and zoomed-in image showing small structures, C & D) mid-cross 
section of the WMS also showing small structures, inset shows the seeds prior to 
platinum coating 
Through secondary electron imaging, both cross sections revealed microstructures in 
the seed cotyledon part of the WMS. This then confirms that the WMSPs were present 
in the watermelon seeds prior to any processing. Using Sudan red, an indicator that 
dyes lipids and proteins, the WMSPs were able to be stained red meaning some lipid 
content is present still in the powder. They were not able to be stained with an iodine 
solution, 5% iodine in 10% potassium iodide aqueous solution, meaning no starch 
content.  
One possible conjecture is that these particles are some organelle or plant cellular 
structure. Previous histological work on seeds30, 38-41 mention “protein body” or “protein 




location of high urease enzyme. Wang et al. show an image detailing protein bodies in 
watermelon seeds, Figure 2.8. They are both abundant and in the size range of the 
watermelon seed powder. 
 
Figure 2.9. Watermelon seed cotyledon cells showing protein bodies as dark spheres.39 
To determine the size distribution of WMSPs, the powder was measured on a Coulter 
LS200 laser diffraction particle size analyzer. The sample was first dispersed in 
deionized water, and then sonicated for 15 minutes to de-aggregate any clumps. The 
mean particle diameter was 4.8 microns, with a mode particle of 5.4 microns. The 
standard deviation was 3.6 microns due to the large distribution from some aggregates 
and fines (Figure 2.9). Scans were measured for 60 seconds with an obscuration of the 





Figure 2.10. Particle size distribution via laser diffraction of watermelon seed powder 
dispersed in deionized water. 
2.3.2. Varieties of Watermelons 
The entirety of this study was performed on the crimson sweet variety watermelon seed 
purchased from Eden Brothers® Vista Horticultural Group. However, to expand the 
assertion that these watermelon seed powder particles are indeed protein bodies, they 
should be omnipresent in watermelons regardless of variety. Also, from a materials 
standpoint, it is beneficial to have multiple sources of a raw material. Three additional 
varieties of watermelon seeds were purchased—jubilee improved, tendersweet orange, 
and black diamond yellow belly. The WMSP percentage weight extraction for the 
crimson sweet variety was around 25% the weight of seeds. The corresponding weight 
percentage yields for the other varieties are as follows: jubilee improved 30.2%, 
tendersweet orange 22.8%, and black diamond yellow belly 23.3%. Examining the cross 
sections of these seeds showed similar results to the crimson sweet variety—that the 





















Figure 2.11. Watermelons42, their seeds, and SEM images of the cross sectioned 
cotyledons: A i-iii) crimson sweet, B i-iii) jubilee improved, C i-iii) tendersweet orange, 







2.3.3. Nessler’s Reagent Assay 
The urease enzyme in watermelon seeds activity is usually measured in units per gram 
of solid powder. This unit is defined as the amount of enzyme able to liberate 1 µmole of 
NH3  from urea per minute at pH 7.0 at 25 °C. To determine this metric, an accurate 
measure of ammonia production per given time is to be done. One analytical method is 
a colorimetric assay using Nessler’s reagent. Nessler’s reagent is a solution comprising 
of an alkaline solution of potassium tetraiodiomercurate(II), K2[HgI4]. The reagent was 
made by adding 10 g of potassium iodide in water and adding a solution of saturated 
(60 g/L) mercury(II) chloride slowly. When a precipitate is formed, 80 mL of 9M 
potassium hydroxide was added, then diluted to 200 mL. Using sodium hydroxide is 
also possible by first creating a 100 mL solution of 23 g of mercury(II) iodide and 16 g of 
potassium iodide in water, and to that, add 100 mL of 6M sodium hydroxide. Both 
reagents should be allowed to combine overnight in the dark.43 The detection of 






Figure 2.12. Solutions of Nessler's reagent and vials of increase ammonia content from 
left to right. 
The precipitate that forms, an iodide form of Millon’s base, was yellow to brown in color 
depending on the concentration of ammonia in solution. Using this color gradient, it is 
possible to make a calibration curve of varying ammonia amounts. The use of 
ammonium sulfate is preferable to weigh out accurate amounts; prior to use, the 
ammonium sulfate was dried in the vacuum oven at 30 °C in 30 inHg. A stock solution 
of 1.322 g of ammonium sulfate was dissolved in 100 mL of ammonia free water. This 
gave an ammonia concentration of 3.41 mg/mL. 
 The Nessler’s assay procedure starts with 2 mL of aqueous solution to be 
analyzed.  (If using dry powder, combine with 2 mL of ammonia free water.) A standard 
0.2 M solution of phosphate buffer at 7.0 pH is made from the combination of phosphate 
monobasic and dibasic salts. 7.744 g of phosphate dibasic heptahydrate is combined 
with 2.914 g of phosphate monobasic hydrate then filled to 250 mL with deionized 




occurs. Utilizing this buffer solution, a fresh daily solution of 3% by weight of urea is 
made to be used in the assay. 
 Prior to spiking the sample to be analyzed with the urea in buffer solution, a 2.0 
M solution of sulfuric acid is to be prepared. The concentrated sulfuric acid used had a 
purity of 96.3% with a density of 1.83 g/mL. Using these specifications, 20.4 g 
concentrated sulfuric was added to 88.9 g of deionized water (2.0 M). The use of acid in 
the assay is to crash the pH of the solution low enough to halt the enzyme from 
hydrolyzing urea. With the creation of these solutions, each 2 mL sample is then spiked 
with 200 µL of 3% urea in 2 M phosphate buffer. The sample is then left to produce 
ammonia for 5 minutes with intermittent vortex mixing. After the 5-minute interval is up, 
200 µL of 2 M sulfuric acid is added to the reacted vial. Now the sample is ready to be 
combined with the Nessler’s reagent to be analyzed on the spectrophotometer. To a 
larger vial with 4.3 mL of water, 500 µL of Nessler’s reagent is added. 200 µL of the 
urea-urease-sulfuric acid reacted sample is added to this larger vial. Upon combining 
the solutions, the characteristic yellow-brown precipitate should be observed. If it is not, 
then the assay was a false negative or there was no ammonia produced. Samples are 
to be tested within the same day, with vortex mixing prior to analysis on the 
spectrometer to redisperse the precipitate. Absorbance at 420 nm is then recorded for 
each assay.  
 For the calibration curve, a set of dilutions of the stock ammonium sulfate 
solution that was made previously will be used for each point. Each vial must contain 
only 2 mL of solution to be analyzed, e.g., that means if a spike of the stock solution is 




calibration curve obtained from the Nessler’s reagent assay. Even though the ammonia 
was already present in the system, addition of the 200 µL 3% urea in buffer solution and 
200 µL of 2 M sulfuric should still be done to maintain the proper concentrations. These 
can be done without the needed 5-minute timing since no reaction is taking place. In the 
same regard, the samples then are added to the larger vials with deionized water and 
Nessler’s reagent. The absorbance at 420 nm is recorded for each calibration point. 
Using Beer’s law, a linear regression relating absorbance to the concentration or in this 
case ammonia produced is plotted. This calibration curve will then be used to analyze 
absorbances of unknown analytes to determine their ammonia production and in turn 
the enzyme activity of the unknown. 
2.3.4. WMSP Urease Activity Assay 
Through various trial and error tests with the watermelon seed powder, since the activity 
was unknown, it was determined that a sample size of 5 – 10 mg of WMSP was more 
than sufficient to fall within the calibration curve using the method detailed above. Once 
the amount of ammonia produced is known, a normalization by the sample weight is 
used to yield an activity with the units of mg NH3 / g WMSP / 5 minutes reaction time. 
This can in turn be converted to the conventional unit / g or µmole NH3 / g WMSP / 
minute. For ease of comparison, the mg NH3 / g WMSP unit will be used to show 
activity.  
 The specific location of the urease enzyme is hypothesized to be in the protein 
bodies, that is, the watermelon seed powder. Three samples were assayed to 
determine the location of the enzyme and to see if the addition of an aqueous washing 




assayed showed a significant difference in activity, which is expected. WMSPs had 60X 
more activity than the little to no activity of the husks. 
 
Figure 2.13. Plot given from Vernier Spectrometer of watermelon seed powder, its 
washed counterpart, and the husks after screening. 
 
The washed seeds were prepared with two 200 mL aqueous washes done when the 
WMSPs were being filtered on the Büchner funnel. 
 To further study this behavior of potential free enzyme, several leeching studies 
were carried out on two older batches of seeds and several new batches with filtration 
through a syringe filter. 0.5 g WMSP was added to 30 g of deionized water and stirred 
overnight. The solution was filtered through 0.45 µm PTFE syringe filters, and a 200 µL 
spike of this filtrate was assayed. Three different watermelon seed powder batches 
(091518, 020619, and 052119) had less than 0.33% activity versus their corresponding 
WMSP. One subsequent WMSP batch that was sent to a colleague in Switzerland did 
show activity in the filtrate. 0.5 g of WMSP was added to 15 g of deionized water, one 
assay was performed on the filtrate after 1 hour of magnetic bar stirring and one assay 


















conditions. The aqueous filtrates of these samples were prepared with first syringe 
filtration through a 0.45 µm PTFE filter then a 0.2 µm PTFE filter.   
 
Figure 2.14. Leeching study performed on WMSP showing activities of an aqueous 
dispersion of powder and its corresponding aqueous filtrate. 
This batch was the largest batch of extracted WMSPs made so far at ~400 g of 
watermelon seeds. There was extended acetone mixing time as well as longer milling 
time required to attain the desired MWMS size. This most likely contributed to some 
damaged particles or the WMSPs having more free enzyme on the powder surface than 
previous batches. Between the filtrate of the 1-hour extraction and the 1 week 
extraction, if there were leeching involved there should be a wider margin of as the 
enzyme concentration in the aqueous phase should have increased. To confirm this, 10 
g of the same batch of WMSP was soaked in 100 mL of deionized water for 1 day then 
Büchner funnel filtered followed with 2 subsequent washes of 200 mL of acetone to 
facilitate even drying. The same process was repeated with 1 g of this washed powder 
being added to 15 g deionized water and stirred for 2 hours then syringe filtered 
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 The last two bars in Figure 2.14 detail the assay attained from this wash testing. 
Since removal of potentially free or surface-bound enzyme, the assay in turn was a little 
bit lower by about 10%. This, though, is additive with the removal of the 11% free 
enzyme measured in the previous two samples. In addition, the washed sample was 
also soaked in deionized water, the filtrate then showed no activity as no leeching had 
occurred. Additionally, samples of watermelon seed were frozen in a -15 °C freezer and 
some with liquid nitrogen. These samples were then subjected to the same protocol to 
extract WMSP, and the assays for these samples showed no difference between those 
sample which were milled at ambient temperature.  





2.3.5. Assay on Varieties of Watermelon Seed Powder 
From the WMSP extraction performed on the three additional varieties of watermelons, 
the same assay using Nessler’s reagent can be performed. Since morphologically they 
do not significantly differ, it was to be seen if each of the powder’s urease enzyme 
content was also similar. Each variety was run in triplicate with 5 – 10 mg of WMSP in 
each sample tested. 
 
Figure 2.15. Urease activity of different varieties of watermelons. 
The tendersweet orange’s assay was slightly lower than the rest, and it can be noted 
that its seed coloration was starkly contrasting being completely off white, where three 
other varieties were dark brown. Nevertheless, the assays in turn resulted in activities 
for each of the watermelon seed varieties ranging in close values of 2 – 8% of each 
other, tendersweet included. With the WMSP yields between varieties being similar and 
the urease activity also being comparable, crimson sweet seeds may be substituted 
with any of the three other kinds. 
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2.3.6. pH and Temperature Dependence of Urease in WMSP 
Works focusing on extracted urease enzyme23, 24, 46-49 often quantify the pH dependence 
of the enzyme activity. This gives an activity curve of the enzyme and its dependence 
on pH. Pure urease enzyme generally has a maximum activity at around 7 – 7.5 pH.  
 
Figure 2.16. pH dependence of urease from jack beans.  
The reason for the autocatalytic property of the urea-urease reaction is due to this 
characteristic bell-shaped activity curve—starting at low pH, the hydrolysis of urea 
produces ammonia that raises the pH, which in turn increases the activity of the 
enzyme. This curve also means that the enzyme is self-regulating, in that the activity 
reaches a maximum activity then begins to slow down as the surrounding pH is getting 
more basic.  
 The enzyme’s activity is also temperature dependent. Though the standard 






Figure 2.17. Enzyme activity temperature dependence profile of urease enzyme from 
jack beans.  
Since the urease enzyme in watermelon seed powder is naturally encapsulated, it 
expected to see different pH and temperature dependence profiles. First, several buffer 
solutions of different pH must be created. For the range of 2 – 8 pH units, the McIlvaine 
(or citrate-phosphate) buffer was chosen. This requires different volumes of a standard 
dibasic phosphate solution and citric acid solution. To a 100 mL volumetric flask, 5.368 
g of dibasic phosphate heptahydrate was added then filled to volume with deionized 
water (0.2 M). For the citric acid solution, 1.922 g of anhydrous citric acid was added to 
a 100 mL volumetric flask and filled to volume with deionized water (0.1 M). For the 
buffer range of 9 – 11 pH, a mixture of sodium bicarbonate and sodium hydroxide 
solutions were made. 0.424 g of sodium bicarbonate was added to a 100 mL volumetric 
flask and filled to volume with deionized water (0.05 M). Likewise, 0.397 g of sodium 
hydroxide was added to a 100 mL volumetric flask then filled to volume (0.1 M). 
Each buffer mixture was then tested on a VWR-sympHony™ pH meter with 4.0, 7.0, 




Table 1. Buffers for pH dependence activity curve, ranges 2-8 pH were made with 
phosphate and citric acid buffers, 9-11 pH buffers were made with bicarbonate and 
sodium hydroxide solutions. 
Buffer 
Name 
0.2 M Phosphate (g) 0.1 M Citric (g) pH 
b1 0.41 19.61 2.320 
b2 4.12 15.91 3.083 
b3 7.74 12.32 4.062 
b4 10.30 9.73 5.077 
b5 12.64 7.38 6.096 
b5.5 14.56 5.98 6.610 
b6 16.48 3.58 7.071 
b6.5 17.97 2.08 7.418 
b7 19.47 0.57 8.150 
Buffer 
Name 
0.05 M Bicarbonate (g) 0.1 M Hydroxide (g) pH 
b8 18.18 1.85 9.599 
b8.5 16.80 3.25 10.088 
b9 15.38 4.64 10.403 
b9.5 14.54 5.45 10.882 
b10 13.75 6.29 11.126 
 
With the creation of these buffers, assays of watermelon seed powder and standard 
jack bean urease were carried out in these solutions instead of the 2 mL solution of 





Figure 2.18. WMSP and jack bean pure urease activity curve. 
The standard jack bean urease assays show corresponding values to that of the 
commercial activity curve. The activity curve for the WMSP shows a 1 pH unit shift to a 
maximum activity at around pH 8. The whole bell-shaped curve is slightly broader as 






































Figure 2.19. Temperature dependence curve of WMSP urease activity. 
To measure the temperature dependence of WMSP, the assay was carried out in a 
water immersion bath at various temperatures. The analyte vials containing the weighed 
out WMSP and 2 mL of deionized water were equilibrated in the bath at the desired 
temperature for 5 minutes prior to spiking with the urea solution. After spiking the vials 
with the urea solution, the vials were returned to the bath for the 5-minute reaction time. 
When the 5 minutes had elapsed, the vials were taken out of the bath and spiked with 
the 0.2 M sulfuric and was left to be analyzed with the Nessler’s reagent on the 
spectrometer. When the sulfuric was added, the reaction is complete so the bath can 
then be incrementally increased in temperature for the next sample to be acclimated 
and tested. The temperature dependence curve shows the activity is of WMSP is 
relatively high over a broad range of temperatures. Compared to the commercial jack 
































2.3.7. Dry Stability of WMSP 
Enzymes with high stability are desirable, as experiments may be conducted over 
several days. 46, 50-52. If the enzyme’s activity fluctuates in the experimental window, it 
becomes necessary to repeatedly assay the enzyme, especially if the stability is poor. 
Several strategies are employed to increase the stability an enzyme: addition of buffers, 
chelating agents50, and preservatives, or enzyme immobilization.46, 51-65  
 Since the watermelon seed powder is already a natural type of immobilization, 
studies on its stability both as a dry powder and in an aqueous dispersion can be 
performed. Additionally, since it has been shown to not leech overtime in an aqueous 
environment, the enzyme’s activity should be maintained in that aqueous dispersion. 
Since the powder is extracted via large quantities of acetone, residual moisture is 
dependent on its storage conditions. To three 20 mL scintillation vials, about 15 mL of 
WMSP was added to the vials. Storage conditions were as follows: 1) capped vial left in 
ambient, 2) uncapped vial left in ambient, and 3) capped vial in 5-10 °C refrigerator. 
Conditions 3 and 2 are the most different and should be an ideal storage versus worst 
case scenario, respectively. Prior to sampling of each vial, the dry WMSP was be vortex 








Figure 2.20. Urease activity stability plots of dry WMSP in three conditions: Refrigerated 

























































































Figure 2.21. Combined plot of dry stability WMSP samples 
The dry stability assays show little to no degradation or change in activity of the WMSP. 
Even the sample left in ambient laboratory conditions in the southern humid Louisiana 
climate had no noticeable decrease in activity. The opened vial was exposed to the 
atmosphere and humidity; visually it had darkened slightly with perhaps more clumps. A 
gravimetric analysis on the three samples showed moisture contents all within 1% of 
each other; this may be due to each sample being opened at least 5 times for assay. 
The gravimetric analysis was done by placing a weighed sample with the dish’s tare 
weight into a vacuum oven at 35 °C and pulling above 30 inHg of vacuum. The samples 
were let dry for 1 hour then weighed. The refrigerated capped sample had 5.8% 
moisture, the ambient capped had 6.1% moisture, and surprisingly though visually 
possibly different the ambient exposed sample had 5.3% moisture. These values were 



































2.3.8. Aqueous Stability of WMSP 
It was advantageous to know that the various storage conditions of the watermelon 
seed powder had no real impact on its stability. As the WMSPs are generally never 
utilized in dry conditions, a realistic stability metric to determine would be its urease 
activity over time in solution. To study this, samples of WMSP were placed in deionized 
water, specifically Nanopure™ to ensure that no residual metal ions could potentially 
inhibit the enzyme and stored under different conditions–refrigerated at 5-10 °C and 
ambient room temperature. Initially two amounts of WMSP in water were studied to 
observe if there were a difference in the powder concentration stability. In one 
scintillation vial, 0.5 g of WMSP was added to 15 g of deionized water, and in another 
vial, 0.3 g of WMSP was added to 15 g deionized water. To each vial, 270 mg of fumed 
silica was added to keep the seeds in suspension during sampling. After the addition of 
fumed silica, the vials were homogenized on a VWR25D rotor-stator homogenizer at 10 
krpm for 10 seconds. One set of high and low WMSP concentration was placed in 
refrigeration (B3 and B4) and the other left in ambient (B1 and B2). To assay each vial, 
it is critical to use an amount of solution that would fit within the calibration curve of the 
Nessler’s assay. Determining the WMSP concentration and then back calculating how 
much to spike yields 280 µL of the 3 g WMSP vials and 435 µL of the 5 g WMSP vials.  
Prior to taking a sample, every vial was sonicated for 5 minutes then vortexed for 
10 seconds. Even though the spikes were performed with functioning micropipettes, an 
accurate weight was measured to compensate for density differences due to trapped air 
bubbles. The volume was assumed to be correct for the micropipettes, and then total 






Figure 2.22. Stability plots of the activity of WMSP in 0.02 M 7.0 pH phosphate buffer 
with fumed silica. B1 and B3 were the lower concentrated WMSP, with B2 and B4 were 
the higher concentrate WMSP vials. 
The assays were taken over a span of 12 days, and it was noticed on day 4 that a 
strong odor emanated from the ambient samples. This putrid smell became more 
intense as time passed. It is thought that since the WMSP was a natural material, 
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temperature. The refrigerated samples were found to have a faint smell after 10 days, 
which affirms that the lower temperature is simply preserving the sample integrity. 
 In any case, the urease enzyme is still present at above 60% activity after 12 
days in ambient conditions even with the rancidity. The refrigerated samples also 
maintained above 80% activity after 12 days. Previous research in immobilization and 
preservation showed fast degradation or complete denaturing of the enzyme within 1-3 
days/46, 51, 52 
 
Figure 2.23. Yang et al. measured stability of immobilized urease and free urease 
enzyme stored 25C (free1) and 4C (free2).52 
 
 
Figure 2.24. Tetiker et al. measured stability of immobilized urease and free enzyme, 





Figure 2.25. Bubanja et al. studied the clock reactions for enzyme in un-buffered 
aqueous solutions over time.46 
The sharp decrease and high variation of the enzyme activity of the WMSP is most 
likely due to microbial action since the refrigerated sample retained more activity and 
the sharp drop in the ambient samples occurred after noticing the odor. To address this 
issue, a germicidal could potentially stabilize the aqueous WMSP dispersions. 
Phenoxyethanol is a germicidal glycol ether37 that works against gram-negative and 
gram-positive bacteria and Candida albicans. It is an FDA approved preservative, which 
is also used in vaccines, personal care applications, and in antiseptics.66 Besides 
conforming to regulatory commissions, it is relatively inexpensive and is slightly soluble 
(2.6%) in aqueous and soluble in organic environments.  
 
Figure 2.26. Phenoxyethanol is a germicide that is effective in aqueous and organic 
environments. 
In cosmetic applications, the phenoxyethanol is added at maximum of 1.0%. It was 
decided to add this preservative at 0.5% by weight in the aqueous phase. The stability 




samples with 0.5% phenoxyethanol—one placed in refrigeration 5 °C and one in 
ambient room temperature.  
 
 
Figure 2.27. Aqueous stability WMSP urease activity testing, top plot has no 




















































The longevity of activity of WMSP in an aqueous dispersion was greatly enhanced by 
the addition of phenoxyethanol. Since it is primarily a germicidal, the degradation of the 
enzymatic activity seen from the non-preserved samples most likely were attributed to 
microbial action. Even without the preservative, however putrid the samples may smell, 
the room temperature dispersion of WMSP retained at least 50% activity after about a 
month. With refrigeration, the WMSP dispersion in turn had around 60% activity in 2 
month’s passing. The phenoxyethanol did stave off the putrefaction, and notably both 
preserved samples showed 90% activity after 1 week, with the sample kept in 
refrigeration showing 88% activity after 1 month. By utilizing WMSPs, urease activity 
can be maintained at the desired U/mL concentration for much longer intervals than 
pure enzyme. 
2.4. Clock Reaction Kinetics of the Urea-Urease Reaction Using WMSP 
The clock behavior in the urea-urease reaction is well documented.46, 48, 52, 67-69 This 
occurs due the enzyme’s activity exhibiting maximum activity as a function of pH. This is 
seen from the bell-shape curve of Figure 2.16 and 2.18 of WMSP. By hydrolyzing urea, 
ammonia is produced, which increases the pH. With this increase in pH, urease’s 
activity is increased producing more ammonia. The system then self regulates, as the 
enzyme’s activity decreases past its maximal activity. The induction period, i.e. time 
prior to acceleration, the clock’s shape, and final pH can be tuned with three variables: 
initial pH, urease amount, and urea concentration. 
 To study these three parameters, one of them will be in variation where the other 
two will be kept constant. To compare the behaviors with WMSP, a standard jack bean 




used has an assay value of 2124 units / g powder. All reactions were performed starting 
at 4 pH, chosen specifically to be a comparison point between WMSP and free enzyme. 
Large volumes of 4 pH solution were made with taking 2 L of deionized water and 
titrated with dilute solutions of aqueous hydrochloric acid. This was done by magnetic 
stirring the solution with a VWR sympHony™ pH probe immersed, and the meter was 
correspondingly set to continuous read. To easily use the jack bean urease, since its 
activity is so high, a stock solution was made with the acidified water: 33.6 mg urease 
enzyme was added to 5.1644 g H2O (4 pH HCl). This results in an enzyme 
concentration of 497 units/mL. Furthermore, a stock solution of 10% (wt/wt) urea in 4 pH 
water was created to spike in each trial. This solution’s density was measured at 1.029 
mg/µL. Finally, the total volume for every analysis was 60 mL taking into account each 
spike of stock solutions. Each trial was well stirred with a magnetic stirrer set at 300 
rpm.  
2.4.1. Variation of Urease Concentration 
Since enzyme concentration was being studied, the amount of urea was fixed at a 200 
µL spike. This results in a urea concentration of 5.7 mM in each trial. In the WMSP 
experiments, the weights used were 10 mg, 20 mg, 30 mg, 50 mg, 100 mg, and 150 
mg. This corresponds to WMSP enzyme concentrations of 0.35 U/mL, 0.71 U/mL, 1.06 
U/mL, 1.77 U/mL, 3.54 U/mL, and 5.31 U/mL, respectively. Likewise, in the free enzyme 
experiments a spike of 42 µL, 128 µL, and 427 µL of the jack bean enzyme stock was 






Figure 2.28. Variation of free enzyme concentration pH profile, [Urea] = 5.7 mM. 
 






































The pH profiles of both free enzyme and WMSP exhibited the clock behavior of the 
rapid pH increase, and since the urea concentration was fixed the final pH were similar 
between enzyme sources. Though the ramp in WMSP seems to exhibit an inflection 
point around 6.8 pH. One potential explanation is the initial ramp to around 6.8 pH is 
diffusion limited since the WMSP is a carrier. After 6.5 pH the clock happens, as the 
bell-shaped activity curve from Figure 2.18 starts around 6 pH with a maximum activity 
at 8.1 pH. This maximum corresponds to the steep-most point along the curve for all 
trials. Accordingly, the free enzyme clocks faster since there is no diffusion component, 
yet at the low enzyme concentration (0.35 U/mL), both plots are similar in behavior.  
2.4.2. Variation of Initial pH 
The next parameter to study was initial pH. This in turn means that the concentration of 
urea was fixed at 5.7 mM, a 200 µL spike of the 10% urea solution, and the amount of 
free enzyme, 427 µL spike of stock, and WMSP, 100 mg, was fixed (3.54 U/mL). 
Solutions of deionized water of various pH were to be made. Following a similar 
protocol to create the 4 pH stock: a pH probe was immersed and set to continuous read 
in 2L of deionized water. Dilute HCl(aq) was then added slowly to titrate the water to each 
desired stopping point. When the desired pH value was reached, the solution was 
allowed to equilibrate for 1 minute and then about 150 mL of the solution was decanted 
for use. The pH levels to study the clock reaction are 4.2 pH, 3.9 pH, 3.7 pH, 3.5 pH, 3.2 





Figure 2.30. Variation of initial pH profile for free enzyme, [Urea] = 5.7 mM and [Urease] 
= 3.54 U/mL. 
 
Figure 2.31. Variation of initial pH profile for WMSP enzyme, [Urea] = 5.7 mM and 
[Urease] = 3.54 U/mL. 
The free enzyme pH profiles show the characteristic clock behavior also with increasing 








































though somewhat similar to the WMSP variation curves of Figure 2.29. Since the 
WMSP has a diffusion component, even though it is well stirred, and the particles are 
small, perhaps the ammonia produced by enzyme in the WMSP raises the pH of the 
immediate surroundings of the urease, contributing to higher activity. Another conjecture 
on diffusion would be that the acid component is not diffusing fast enough to neutralize 
the ammonia produced around the enzyme. With both these factors, the WMSP was 
able to react at 3.2 pH an order of magnitude faster than the free enzyme. 
2.4.3. Variation of Urea Concentration 
The amount of urea in solution was the last parameter to investigate. Similar to the 
previous study, free enzyme and WMSP was fixed at 3.54 U/mL. The amount of 10% 
urea to be varied was as follows: 10 µL, 20 µL, 25 µL, 50 µL, 75 µL, 100 µL, 150 µL, 
and 200 µL. This corresponded to concentrations of 0.3 mM, 0.5 mM, 0.7 mM, 1.4 mM, 





Figure 2.32. Variation of urea concentration pH profile for free enzyme, [Urease] = 3.54 
U/mL. 
 
Figure 2.33. Variation of urea concentration pH profile for WMSP enzyme, [Urease] = 
3.54 U/mL. 
Comparatively, the clock reaction for the free enzyme was faster than WMSP. Only at 
the low 0.7 mM were there some similarities in timing. It is interesting to note that the 







































this region is independent of the urea concentration. As mentioned previously, the 
inflection at 6 pH and clock reactions thereafter are due to the WMSP’s bell-shaped 
activity dependence on pH. 
2.5. WMSP Components: Post-Reaction with Urea and Presence of Catalase   
When performing the assay on the WMSP, it was noted that there is a change in the 
macroscopic properties of the dispersion. Even if the particles were sonicated and left to 
fully de-aggregate, certain conditions cause a lightening of the solution or even 
flocculation to occur. Understandably this material is not synthetic, and its make up is 
wholly up to nature. That being said, most likely it is a protein body which contains 
urease enzyme and potentially other enzymes as well. 
2.5.1. Observations of WMSP Post-Reaction with Urea 
The WMSP sample in the Nessler’s assay starts in 7 pH due to the phosphate buffer, 
reacts with urea, and then was subjected to 2 M sulfuric acid. Prior to the acidification 
the sample is slightly yellow, and after the acid was added, the sample is white. If the 
vial was left undisturbed for 30 seconds, the solids portion begins to flocculate and may 
float. Since these physical phenomena occur macroscopically, a view of the individual 





Figure 2.34. Light microscopy image time lapse of WMSP in deionized water at 7 pH. 
Time 00 s is immediately after addition of 3% urea in 7 pH buffer. Scale bar is 50 µm. 
By viewing the reaction of urea with WMSP, the particles seemed like they were 
dissolving after the reaction, or that there was a refractive index change of the particle 
occurring. Running the same reaction with un-buffered 10% urea, it was thought that the 
reaction should be even faster. It ended up taking a longer time to dissolve but it 
nevertheless did; this ruled out that the buffer was the culprit of the “dissolution.” 
Viewing the WMSP during the reaction-dissolution and then adding acid also showed no 





Figure 2.35. WMSP in different pH solutions: a) 2 pH, b) 4 pH, c) 8 pH, d) 10 pH. 
Putting the WMSP in various pH solutions (acidic conditions from HClaq and basic 
conditions from NaOHaq) became more confounding, as the WMSP at 10 pH showed no 
change, no dissolution. From the multiple pH profiles ran on the urea-urease reaction, 
10 pH was an unobtainable upper limit, yet the particles still remain. One observation 








Figure 2.36. WMSP in 0.2 M sulfuric acid (left) and WMSP in 10% ammonium hydroxide 
(right). 
Only by going to extremes were the macroscopic behaviors really observed. Putting 
WMSP in 0.2 M sulfuric quickly aggregated the well sonicated dispersion. Furthermore, 
the WMSP in high basic conditions finally showed the dissolving behavior seen before. 
Making different aqueous sodium hydroxide solutions from 10 – 13 pH, it was then 
possible to determine at what specific pH would dissolve the WMSP.  
 
Figure 2.37. WMSP in aqueous solutions of NaOH with different pH, from left to right: 
9.99 pH, 11.08 pH, 11.51 pH, 12.09 pH, and 12.96 pH. 
Adding WMSP to 10% urea or 3% urea in buffer does not always exhibit the dissolving 




being on the microscope slide for some time did they dissolve. From Figure 2.37, a 
minimum of 11.5 pH was required to start any dissolution, and at 12 pH the solution is 
clear and/or the particles had dissolved. The dissolving phenomenon is most likely a 
localized problem combined with diffusion effects again—since the microscope slide is a 
thin layer the ammonia produced cannot easily be dispersed. This means that the 
dissolving particles observed probably had produced enough ammonia to at least 11.5 
pH in their immediate surroundings. In most urea-urease systems, the amount of total 
solution with stirring rate will prevent any spikes in local pH to cause for WMSP 
dissolution. 
2.5.2. Presence of Catalase Enzyme 
Since the WMSP are conjectured to be protein bodies, it would follow that there are 
other enzymes in the particles.34, 38, 70, 71 One enzyme that is common in seeds, and 
could be easily tested for, is catalase. Catalase rapidly decomposes hydrogen peroxide 
to water and oxygen. A qualitative test was first done with 0.1 g WMSP being added to 





Figure 2.38. Qualitative test of WMSP for decomposition of hydrogen peroxide, from left 
to right, t = 0 s prior to hydrogen peroxide spike, t = 60 s after spike, t = 180 s after 
hydrogen peroxide spike. 
As seen from Figure 2.38, the evolution of bubbles was quite fast and vigorous. To 
confirm that hydrogen peroxide was being decomposed, a titration of potassium 
permanganate and hydrogen peroxide was performed. A 1:3 wt/wt solution of water to 
sulfuric acid and a 0.1 M KMnO4 solution were made for the analysis. Testing of the 
30% hydrogen peroxide reagent was done as a method verification and to determine 
the starting H2O2 concentration. 0.5 g H2O2 was added to 100 g DI H2O with 19.7 g of 
the sulfuric solution. This mixture was titrated with the permanganate, until a persistent 
pink was achieved for over 1 minute. The 30% H2O2 was assayed to be 31.8% purity. 
0.5 g H2O2 was added to 75 g DI H2O and 0.5 g WMSP was added; the mixture was 
stirred for 10 minutes. The solution was then filtered through a #1 filter and assayed 
accordingly. All that remained in solution was 1.3% H2O2 from the original 31.8% H2O2. 






Watermelon seed powder is a stable and inexpensive source of urease enzyme. One 
motivation for using WMSPs is that the unit/g cost versus pure enzyme is an order of 
magnitude less expensive. Not only is it economical for commercial or trial applications, 
but also the stability of the powder is exceptional. When kept dry, the powder had 
retained its activity for almost a year no matter the storage conditions. When dispersed 
in solution with phenoxyethanol, experiments can be run for a month with 90% activity 
retention if they are stored at 5 °C. Though there are some differences to the pure 
enzyme, like the shift in pH activity or diffusion characteristics of the clock reaction, 
these can be accounted for to utilize this stable material.  
CHAPTER 3. IMMOBILIZATION OF WMSPS 
3.1. Introduction 
Enzyme immobilization is a well-established strategy of prolonging stability, enhancing 
activity in certain conditions, or provide a more accessible matrix.46, 51-58, 62, 63, 65 There 
are several ways that immobilization can be achieved—physical encapsulation46, 52, 56, 58, 
60, covalent bonding52, 57, 60, non-covalent bonding.57, 65 Additionally, by grafting the 
usually solution soluble enzyme to a substrate, the potential for recyclability is also 
apparent. This is definitely a cost savings especially on the commercial scale. Physical 
encapsulation can be performed on porous matrices or hydrogel-type formulations. 
Covalent and non-covalent bondings uses surface manipulation schemes to affix the 
enzyme to a carrier. 
 Polymeric and porous media are generally the main substrates used in enzyme 




electrospinning, which combines extrusion of a fiber either in melt or solvent to produce 
micro or nano-sized fibers or mats to be used.72, 73 The same strategies that go into 
immobilization on particles or membranes can then be employed on the fibers. From 
Figure 3.1 A and B, an enzyme can be adsorbed to the surface or core either possibly 
from ionic interactions or hydrogen bonding. It can be covalently linked via crosslinking 
agents in Figure 3.1 D, or be spun directly in the polymer fiber matrix as in Figure 3.1 C. 
Wang et al. immobilized lipase onto polysulfone fibers.74 Their immobilization increased 





Figure 3.1. Polymeric fiber with different enzyme immobilizations: A) adsorption to the 
surface, B) adsorption in the core, C) encapsulated in the matrix, D) covalently linked.  
Yujin et al. also immobilized lipase on a membrane reactor by first filtration onto the 
membrane combined with glutaraldehyde crosslinking.75 By grafting the enzyme to the 
reactor, flow studies were done by testing the activity of the enzyme’s hydrolysis of olive 
oil and monitoring the fatty acid content in the aqueous phase. Again, activity was 





3.2. Immobilization of WMSP in Agar 
3.2.1. Hydrogels and Urease 
Since urease is highly soluble in water, hydrogels are an inexpensive, fast, and 
generally biocompatible material to immobilize the enzyme. Synthetic approaches 
include polymerization of hydrophilic monomers in aqueous environments with the 
enzyme loaded inside the gel.46, 56, 60 One type of biocompatible hydrogel are those 
based on the thiol-acrylate system76, 77, in which base addition triggers a Michael 
addition type polymerization. Bubanja et al.46 coupled this with the clock of the urea-
urease reaction, using the urease, which is to be immobilized, in the aqueous phase to 
polymerize the hydrogel. The aqueous phase, which contains the monomers, urea, 
urease, and stabilizer is first injected into hexane and then stirred to attain particles. 
Then after the induction period, urea is hydrolyzed producing ammonia which 
deprotonates the thiol triggering polymerization resulting in the formation of hydrogel 
particles. 
 Biopolymers that form hydrogels are of particular interest in that they are 
commercially available with inherent compatibility; these can include alginates, agar-
agaroses, or gelatins. In another urease hydrogel embodiment51, alginate is combined 
with a urease extract from chickpeas and dropwise added to a solution of calcium 
chloride. The alginate then immediately crosslinks with the calcium producing beads of 
the size of the droplet. The hydrogel beads are then tested with commercial animal feed 





3.2.2. WMSP Encapsulated in Agar 
Since the urease in WMSPs are technically immobilized in a natural plant particle but 
the powder is still micron-sized, physical encapsulation is ideal for handling and usage 
purposes. In a similar fashion to the hydrogels mentioned previously, agar can be a 
gelling agent used to entrap material. Agar powder is a biological product of algae that 
is comprised primarily of a biopolymer, agarose, and other sugars.78, 79 Using this 
material is ideal since it is relatively inexpensive and easy to process since the 
solidification occurs above room temperature (30-40 °C), in comparison to gelatin which 
requires refrigeration. 
 Since the hydration and dissolution of agar requires high heat in water (> 90 °C), 
the addition of the WMSP containing urease has to be done at a lower temperature. The 
batch size for the WMSP-agar particles can vary based on need, but 100 g is a 
standard size used. The process consisted of an aqueous phase of the agar-WMSP 
solution suspended in an oil phase of vegetable oil then cooled. The composition of the 
particles by weight was 5% WMSP, 4% iron oxide (magnetic powder), and 2% agar. To 
65 g of deionized water, 2 g of agar powder was added and brought to a minimum of 92 
°C. Since the addition of WMSP should be done at a maximum of 60 °C, addition of 
ambient WMSP could potentially gel the agar solution at contact of the colder powder. 
To mitigate this, a separate amount of deionized water was heated to 55 °C to add to 
the WMSP and iron oxide to incorporate warmed material. Since the batch had an 11% 
solids content, 89% should be water or in this current formulation 89 g, 65 g of which 
are already being used for heating the agar. The remaining 24 g of water was used from 




In addition to having a warmed WMSP and iron oxide to prevent agar solidification, this 
pre-mixing step allows for the powders to be easily dispersed, as the 2% agar solution 
is much more viscous than the pre-mixing step’s warmed water. Once the agar solution 
had hit the minimum 90 °C temperature, it was held for 30 minutes or until the solution 
clarified. After this step, the aqueous agar mixture was taken off heating and let cool to 
60 °C. Nearing that temperature, the WMSP and iron oxide powders were dispersed in 
24 g of deionized water at 55 °C—this can be performed with simple vortex mixing or 
using a dispersion blade. Next, this pre-dispersion was then added to the agar mixture 
and homogenized at 5000 rpm for at least 10 seconds. To make the particles, the now 
agar-WMSP-iron oxide aqueous mixture was dispersed into the oil phase and sheared 
with a paddle blade. If smaller sized particles were required, a dispersion blade may be 
used here instead. 
 Once the desired particle size distribution was achieved, the oil is cooled down 
by an ice bath to fully solidify the agar. The particles were then screened from the oil 
and washed with successive amounts of hexane to remove any residual oil from the 
particles. This step was then improved by using an oil phase comprised of hexane and 
dichloromethane (DCM) in a 2.1:1 (wt/wt) ratio. This yielded a hydrophobic solution that 
has a density measured around 0.99 g/mL. This density can then be tuned higher by 
addition of DCM or lower with hexane. This is important due to the variability of the 
agar-WMSP-iron oxide mixture density due to air incorporation. A sample of this mixture 
can be quickly dropped in the hexane:DCM phase prior to full addition to see the 
buoyancy, then the solvents can be added to tune the density. This allows for proper 




bottom or floating. In addition, from the stability trials of WMSP in water, 
phenoxyethanol was added in the aqueous phase at 0.5% by weight to stabilize the 
particles from microbial growth. After screening the particles from the solvent, they were 
simply air dried since both hexane and DCM solvents are highly volatile. Another 
embodiment would be the addition of a surfactant to the oil phase, if fine particles are 
desired. This could be sorbitan monolaurate or sorbitan monooleate with HLBs80 at 8.6 
and 4.3, respectively.   
 
Figure 3.2. Suspension separation prepared 2% Agar particles with 5% WMSP and 4% 
iron oxide. 
The storage of these particles is either in an air-tight container or covered with hexane 
and placed in 5 °C refrigeration. They can then be used with the appropriate WMSP 
stability constraints mentioned previously.  
 Another form of the agar encapsulation came about from an idea of quasi two 
dimensional urea-urease systems. To study this, the batch formulation is simply 3% 
agar, 5% WMSP, in deionized water with 0.5% phenoxyethanol. The same measures of 
the pre-dispersion step were done for the WMSP with the same addition regimen at < 
60 °C. The preservative and water solution can be made beforehand and can withstand 




this solution was much more viscous the making the particles due to the increase agar 
amount. Homogenization was then increased to at least 12000 rpm. Preparation of the 
casting surface required coating two sheets of glass with a silicone mold release spray. 
The glass sheets were separated by two 1/8 inch thick glass pieces of appropriate size 
(1 cm x 10 cm). Once the sheets were sprayed with the release agent, the warm agar-
WMSP mixture was poured on one ambient sheet between the separator pieces. The 
top sheet was then sandwiched on top pressing down to touch the separators, ensuring 
the now sandwiched agar mixture to be the appropriate size. A weight was placed on 
top, and the setup was let come to ambient temperatures to solidify the agar. After a few 
minutes the gel should be hardened, and the sample was placed in refrigeration (5 °C) 
overnight to fully cool. 
 
Figure 3.3. Sheet casted and proportionately cut 3% agar pieces with 5% WMSP and 
deionized water with 0.5% phenoxyethanol. 
After refrigeration, the agar sheet now was fully hardened and can be manipulated to 
any shape preferred. One example is Figure 3.3 in which these uniform 1/4 inch 
squares were cut by a metal grid. The uniformity is crucial when doing certain studies, in 




effort required. These squares were refrigerated and covered to maintain the water 
content in the agar gel. 




3.3. Immobilization of WMSP in Polymer Particles 
3.3.1. Urease on Solid Substrates 
Either through covalent linkages or ionic interactions, urease enzymes can also be 
immobilized on solid materials, usually with high surface area or porosity. Mesoporous 
silica can be used as a substrate by which enzymes may be immobilized. The synthesis 
of the silicas can tune the porosity and surface physical characteristics through the 
aging conditions64. Silica gel is also another support that was used to immobilize 
urease. By using a diazo coupling agent Mondal et al. linked urease to a nitro-aryl 
modified surface of a 184 m2/g silica62. Another approach is to use ionic interactions 
using a urease solution at 6.8 pH (slight negative charge) with a positively charged 
imidazole functionalized styrene-divinylbenzene aggregates65.  
3.3.2. Synthesis of Porous Polymers 
The polymerization of porous polymer systems is a field of polymer chemistry well 
studied. From adsorbents of all kinds to drug carriers, the porosity of the monoliths or 
particles are tuned for the application.81-89 Specifically, particles are of particular interest 
in packing columns or as resins used in exchange or separation reactions.86, 90-95 One 
method to make porous polymer particles is through suspension polymerization 
combined with a pore forming agent or porogen.86, 89, 92, 93 These agents can be 
solvents, solids (e.g. salts), or even supercritical gasses. They are generally solubilized 
or dispersed with the monomer phase prior to polymerization. When the particles are 
polymerized, the porogens are removed and the resulting particles have pores defined 





Figure 3.4. Scheme of oil phase droplet with porogen:  Polymer is beginning to be 
formed in the second droplet, with the final droplet an example of porous particle from 
removal of the porogen. 
With this in mind, incorporation of WMSP into the droplets would be a viable carrier with 
tunable properties. First a screening of various porogens, monomers, and initiators were 
carried out to determine which system would be ideal to study in the encapsulation. 
With so many variables, it was deemed necessary to fix some parameters to study. 
Since the end goal was to entrap WMSP in the matrix, thermal initiators were not 
studied. By using photo-initiators the porogen choice can be more diverse, due to non-
existent solubility issues with the porogen solvent and the continuous aqueous phase 
that could have arisen from thermal polymerization. One system used in past 
experiments was a simple combination of a difunctional monomer, ethylene glycol 
dimethacrylate (EGDMA) polymerized with a photo-initiator, diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO). Using 365 nm fluorescent lamps or LEDs, the 
polymerization can take less than a minute to cure. 
 The aqueous phase was made of 0.5% polyvinyl alcohol of 120,000 MW with an 
average hydrolyzed content of 88%. This can be premade in large volumes for later 
use, as the set ratio between the organic to aqueous phase was 1 to 4 by weight, 




be studied were toluene, n-heptane, and n-butanol, all of which are hydrophobic with 
different properties of polarity. The organic phase consisted of 25 g of EGDMA (density 
of 1.05 g/cc) and 125 mg of TPO and the same volume of porogen to monomer. For 
toluene (density of 0.87 g/cc) that amount was 20.7 g; for n-heptane (density of 0.68 
g/cc) that amount was 16.2 g; and for n-butanol (density of 0.81 g/cc) that amount was 
19.3. The porogen to monomer ratio is critical especially when considering each 
porogen per trial has different densities, by fixing the volume ratio at 50/50 this ensure 
each droplet or particle that will be formed has the same potential to form porosity when 
the phase separation occurs.  
 
Figure 3.5. Pore size distribution by mercury intrusion porosimetry of polymer particles 
formed with different porogens. 
The organic phase was mixed for 5 minutes covered to prevent exposure to UVA. 200 g 
of the aqueous 0.5% polyvinyl alcohol solution was placed in a clear plastic container 
and a paddle agitator was used to impart shear. The organic phase was then poured 
into the aqueous with the agitator at 225 rpm and left to stir for a minimum of 15 





























Afterwards the UV curing lamp was turned on and set for 30 minutes, though within 5 
minutes the particles were formed.  
After the reaction is complete, the particles were screened and washed with successive 
amounts of acetone, 100 mL. Initially some batches were steam stripped due to the 
azeotrope exhibited by all three of these solvents, but this was not realistic of what 
would be done for the particles with encapsulated enzyme. After the washes, they were 
soaked in 150 mL of acetone, and sonicated for 1 hour. Then the samples were placed 
on an orbital shaker table to be shaken for 1 day, after which the acetone was decanted 
and fresh acetone was replaced. This then was repeated for a total of three fresh 
acetone washes each day. Each trial batch was screened and washed in the same 
fashion. Then the samples were filtered of the acetone, air dried overnight, then dried in 
the vacuum oven at 35 °C at 30 inHg to remove any residual solvent. 
 Two common methods to examine the internal pore structure are porosimetry by 
mercury intrusion or nitrogen adsorption. Mercury is more suited for meso to macro 
porosity, where nitrogen is correspondingly micro to meso porosity. By mercury 
intrusion porosimetry, the pore size distribution of each particle (Figure 3.5) was 
performed to have a comparison of the porogen’s effect on the porosity of each polymer 
bead. It is clearly seen that based on the distribution that n-butanol had some truly large 
pores, with toluene being the smallest. This in turn narrows down the next set of 
experiments to screen with n-butanol being chosen as the porogen. Tuning the amount 
of porogen to monomer, a 70% v/v of n-butanol porogen under the same conditions 
above yielded too friable a polymer. Four trials are studied with the encapsulation of 




v/v n-BuOH/EGDMA with 5% (w/w of polymer) Hydrophobic Fumed Silica, 4) 56.5% v/v 
n-BuOH/EGDMA with 7% (w/w of solids) Hydrophobic Fumed Silica and internal water 
phase for water in oil in water emulsion. The hydrophobic fumed silica, Aerosil® R 972 
(SA: 90-130 m2/g), will be used to suspend the WMSP in later formulations, and thus 
was in this comparative study to see its effect on the particles’ morphologies.  
Table 2. Formulations of photopolymerization of porous macroparticles for use in 
encapsulation of WMSP. 












SA (m2/g) PV (cc/g) 
1 27 23 0 0 0.125 155 ± 10 0.61 ± 0.03 
2 25 25 0 0 0.125 188 ± 9 0.62 ± 0.03 
3 25 25 0 1.5 0.125 264 ± 13 0.64 ± 0.04 
4 25 25 25 2.1 0.125 293 ± 14 0.35 ± 0.02 
  
The formulations are listed in Table 2, with the nitrogen physisorption analytical results 
for their corresponding trials. The surface area measurements followed the BET96 
method, and the pore volume measurements used the BJH81 method, both of which 
were performed under nitrogen adsorption.  
 The process to form the particles in formulation 4 was slightly different due to the 
internal water phase to create a double emulsion (w/o/w). The motivation behind this 
was to artificially induce porosity within a particle by not only having a solvent porogen 
but also now water as a porogen. To the BuOH/EGDMA/TPO mixture, 25 g of deionized 




minutes. This emulsion was then added to the 0.5% PVOH aqueous phase as per the 
reactions of trials 1-3. The amount of R 972 silica added in 3 and 4 were not arbitrary as 
well, they were an optimized amount in later formulations to properly suspend 3.0 g of 
WMSP.  
 
Figure 3.6. Light microscopy image of W/O/W particles showing internal water phase in 
an otherwise usually transparent particle, scale bar is 500 µm. 
A visual confirmation of the internal aqueous phase can be seen by light microscopy 
(Figure 3.6). SEM images of the four trials can be seen in Figure 3.7. The higher 
magnification images show the surface and internal porous morphologies that confirm 
the surface area measurements. In trial 4 with the water-in-oil-in-water particles, the 
internal phase can be seen on a cross sectioned particle. The areas within the particle 
look like aggregates but are in fact voids created by the internal aqueous phase. 
Though there seems to be a loss of pore volume from the nitrogen adsorption 
measurements, but visually the spheres should have more PV. This is possibly due to 
the method being nitrogen adsorption instead of mercury intrusion, since nitrogen is 






Photopolymerization of the particles were also tested in a semi-batch process which 
uses a flow of the suspension through a curing zone.  
 
Figure 3.7. Semi-continuous reaction zone by which the suspension fluid is pumped 
with a peristaltic pump to the top of the coil, then the oil in water mixture is polymerized 
along the revolutions of the coil, and final cured material is attained from the outflow. 
This semi-continuous method allows for scalability of the polymerization process, as 
penetration of the UV light can be quite diffused as the phase separation occurs in each 
droplet. Also, the scale of the reactor and strength of the lamps can be a factor when in 
commercial applications. The pump flow rate and the length of the tubing in the 
polymerization zone then determines the residence time each droplet gets with 
exposure to UV.  
 With these porous substrates polymerized, trials can now include WMSP in the 
matrix. The polymer formulations chosen to incorporate the WMSP were the 50/50 





Figure 3.8. SEM microscopy of porous particles from EGDMA and n-BuOH, each row 
corresponds to the trial in the first image. 
Three batches were polymerized to study the possible effect of the filler modification: 1) 
100% hydrophobic fumed silica, 2) 50% hydrophobic, 50% hydrophilic fumed silica 3) 
W/O/W with 100% hydrophobic fumed silica. The WMSP content was set at 10% by 





The polymerization steps for the WMSP encapsulated porous particles were similar to 
the non-enzyme batches. With the extra addition of WMSP, a shearing step of the 
organic phase was required to properly disperse the powder. 3 g of WMSP was added 
to the 25 g EGDMA, 25 g n-BuOH batches, 0.125 g TPO, and 1.5 g fumed silica (of 
whichever type was being tested). This organic phase was then homogenized at 10000 
rpm for 2 minutes, then introduced into the outer aqueous phase for 
photopolymerization. In the case of the W/O/W particles, the organic phase was first 
homogenized with WMSP followed by the internal aqueous phase addition and 
homogenization.  
 
Figure 3.9. SEM imaging of WMSP in porous polymer particles, the left image is 
secondary imaging, while the right image is backscatter imaging of the particle surface 
showing pores with WMSP. 
Once the particles have been properly sized and reacted under the UV light, they were 
decanted and washed with acetone accordingly. The same washing sonication and 
shaker table washings were performed, with the final air dry and vacuum oven dry 
conditions as the non-WMSP particles. In Figure 3.8, it is seen that the polymer 
particles with WMSP have dimples where the WMSP are on the surface. The WMSP 
encapsulated particles can either be stored dry or as an acetone wet-cake under 






Figure 3.10. Porous polymer particles with 10% WMSP, A & B are acetone wetted 
samples in which the brown coloring from the WMSP is more easily observable, 
whereas C & D are the same batch but dried of the acetone. 
 
3.3.3. Adsorption of WMSP on Polymer Particles 
Many are endeavoring to create sustainable materials to supplement the large 
thermoset market. One example of a renewable material is from the epoxidation of 
common vegetable oils.97 Most notably are the soybean oil and linseed oil variants.98 
They are currently in mass production and are primarily used as a biobased plasticizer 




or traditional amines.99-107 Some use naturally occurring carboxylic acids to cure the 
epoxidized vegetable oils.108-114 With the use of these water soluble acids, a dispersion 
is usually created of aqueous acid and epoxidized oil.115 The curing then occurs at 
elevated temperature, which requires more energy and requires extra steps to attain 
usable polymer. 
In keeping with the green chemistry trend, biobased polymer particles have been 
synthesized with epoxidized linseed oil (ELO) and aconitic acid (AA). One main source 
of aconitic acid is from sugarcane biomass. Every ton of sugarcane leaf matter yields an 
extracted 2-3 kilograms of aconitic acid.116, 117 The reaction is a crosslinking of the 
epoxy functionalized triglyceride with the multifunctional carboxylic acid. These particles 
exhibit adhesion to many surfaces, due to possible hydrogen bonding from the ring 
opening of the epoxy groups. 
3.3.4. Synthesis of ELO and AA Particles 
The particles of this system will be utilized as a solid substrate to which WMSP 
can be bound. Suspension polymerization was the method to form the ELO and AA 
particles. The aqueous phase was made by adding 0.4 g of 30% sodium lauryl sulfate 
(SLS) in deionized water to a total water amount of 171 g, then slowly dissolving 0.9 g 
of polyvinyl alcohol (up to 2% of the phase). 5-7 drops of 10% antifoam AF in deionized 
water was metered in while agitating using an overhead stirrer with paddle impeller. The 
addition of the stabilizers should be performed with suitable shearing and timing to 
prevent agglomeration or skin from forming on the powder. After a clear solution is 
seen, 3.9 g aconitic acid was added (a minimum of 2% by weight of the total aqueous 




has been optimized to minimize surfactant amount while maximizing the yield of 
polymer. The oil-in-water suspension was then agitated for a minimum of 30 minutes to 
stabilize the oil droplet size distribution. Heat was then applied to polymerize the 
droplets, maintaining a minimum of 80 °C and overhead agitation for a minimum of 10 h.  
Once the particles had cured, they can be filtered and washed with deionized 
water until no more foaming or bubbles can be seen, thus ensuring no residual 
surfactants on the particles. The particles were then air dried or oven dried to remove 
any surface moisture. For the application of watermelon seed powder substrate, the 
desired particle size is 500+ µm, which was achieved at 300 rpm agitation with a paddle 
impeller.  These epoxy particles then were surface coated with WMSP dispersed in an 
acetone solution with cellulose acetate as a binder. The cellulose acetate used is 50000 
MW.  
 
Figure 3.11. SEM imaging of ELO and AA particles created via suspension 
polymerization, left image are larger particles from impeller blade agitation and right 
image are a latex from homogenization of the batch. 
To 20 g of acetone, 1 g of cellulose acetate was added and mixed until the solution was 
clear without any undissolved polymer. Vortex mixing initially was performed followed by 
shearing with a dispersion blade. Then 1.5 g of WMSP was added to this mixture and is 





Figure 3.12. Epoxidized linseed oil (ELO) particles crosslinked with aconitic acid (AA) on 
left, WMSP with cellulose acetate coated ELO/AA particles on right. 
The coating of the ELO/AA particles were carried out under ambient conditions with 
simple spray tumbling with air or nitrogen current drying. With the acetone, cellulose 
acetate, and WMSP solution in a spray bottle, the rotating beads were then spray 
coated and dried in between sprays. When the required thickness of coating was 
achieved, the particles were then air dried or vacuum oven dried to remove residual 
acetone. A qualitative test of the WMSP on ELO/AA beads was carried out in urea 
solution with universal indicator to determine if the WMSP had been fully occluded 






Figure 3.13. WMSP coated ELO/AA particles in solution with universal indicator, pHi = 
3.0 and [urea] = 0.03 M. 
Since the hydrolysis of urea occurred, with no clouding of solution, the WMSP coated 
particles were ready to be studied along the other two variants. These particles should 
have the most accessible WMSP since they were not constrained within a substrate. 
3.4. Clock Reaction Kinetics with Immobilized WMSP  
A study similar to section 2.4 was carried out to investigate the pH profiles of the various 
immobilized WMSP. The base conditions to be tested were 5.7 mM of urea, 3.54 
units/mL, and a starting pH of 4.0. Three kinds of immobilized WMSP were tested—
WMSP in agar hydrogels, WMSP in porous methacrylate particles, and WMSP on solid 
epoxidized linseed oil particles. The agar hydrogel should allow for faster diffusion due 
to the amount of water in each particle; the porous particles reaction with urea should 
be slower due to diffusion properties through the more rigid polymer pores; and lastly 
the solid particles should exhibit a high exposure of the WMSP enabling faster 
interaction with aqueous media. 
 For the trials with different WMSP-urease amounts (Figure 3.14), there was no 




ELO particles seemed the faster of the three, being the first to clock. With regards to the 
free WMSP, there shows no significant difference. In Figure 3.15, the urea 
concentration was varied and shows almost completely identical behavior. Compared to 
the free WMSP, all three techniques were slightly slower. Lastly, the initial pH is varied 
from 3.0 to 4.2 pH (Figure 3.16). Here there are drastic differences, with all three 
profiles being able to clock at lower pH faster than the free WMSP. The porous particle 
seems to be the most reactive, possibly due to the particle’s production of ammonia not 





Figure 3.14. Variation of WMSP-urease concentration with different immobilization 





Figure 3.15. Variation of urea concentration with different immobilization techniques, 





Figure 3.16. The effect of  initial pH with different immobilization techniques, [urea] = 5.7 




Three batches of porous EGDMA-BuOH particles with 10% WMSP were made to test 
the effect of the type of fumed silica filler on the particles. It was predicted that the 
particle’s internal hydrophobicity or hydrophilicity could be tuned. However, the 
difference in addition of hydrophilic fumed silica showed not difference in the clock 
behaviors of the urea-urease reaction.    
 
Figure 3.17. Urea-urease pH clock profiles for three types of porous particles with 




One possible explanation for the lack of effect of the filler type could be the filler concentration 
(6% by weight) is too low to show any true variance. Another rationalization could be that the 
filler had no interaction with the internal or external surfaces of the particle and was simply 
embedded within the matrix. The third plot in Figure 3.17 details the clock behavior for the 
W/O/W particle, which surprisingly was the slowest. Even though there were large voids inside 
the particle, the wettability and density of the particles changed. 
3.5. Recyclability of Immobilized WMSP 
One of the main motivations for enzyme immobilization besides improving stability is the 
recyclability of the enzyme and substrate. Not only does entrapping the WMSP allow for the 
enzyme to be recycled in subsequent reactions, but also it allows for easier manipulation of the 
enzyme or in this case the WMSP. As the powder’s particles are around 5 microns, filtering the 
WMSP between usage would be intensive with a significant loss of material. By having them in 
agar or particles that are in the mm or 500+ µm range, it becomes much easier to simply wash 
and filter with a 200 mesh screen. Agar particles and porous particles were used in 10 
successive urea-urease clock reactions, with acid washes in between to ensure that any internal 
ammonia would be neutralized. 
 
Figure 3.18. Recycling clock urea-urease reactions with agar particles (left) and porous 




After 10 reaction cycles, both substrates showed no retardation of the clock reaction. 
Though in the agar particles, since they are slightly friable continued use was imparting 
some damage to some. Both showed an acceleration of the clock at after subsequent 
reactions. Unlike the hydrogel, the porous particles were much stiffer and resitant to 
breaking. They also can be subsequently dried and stored for later use.  
3.6. Conclusions 
Immobilization can improve the stability, reusability, and activity of enzymes in certain 
conditions. In the case of WMSP, the enzyme is already well protected and was shown 
to be highly stable. Three different approaches were then studied to immobilize the 
powder—agar hydrogel encapsulation, porous particle entrapment, and surface coated 
on a polymer particle. The hydrogel provides a particle already with an aqueous 
environment ready for urea. The porous particle is a durable and tunable matrix. And 
the surface modified particle is a simple yet green approach.    
By encapsulating the WMSP with these methodologies, they became more user 
friendly when performing reactions. The particles increased the activity at lower pH and 
performed even faster with consecutive use. Notably, by having them in the porous 
particles, the material is now essentially an ion exchange resin—specifically a WMSP 





CHAPTER 4. APPLICATIONS OF WATERMELON SEED POWDER 
4.1. Quorum Sensing and Reaction Diffusion Gel Growth 
4.1.1. Introduction 
Quorum sensing (QS) is a biological phenomenon that can induce biofilm formation and 
bacterial colony growth.118, 119 This is generally a function of population density i.e. when 
bacteria are in a favorable colony size, a certain gene expression is triggered spending 
resources to propagate for example. These factors can then affect the virulence of 
bacterial growth.119 The formation of biofilms is a means to aid in communication of the 
bacterial colony, which is further enhanced by their proximal intimacy. In bacteria 
specifically, quorum sensing can regulate motility, symbiosis, even antibiotic 
production.120  
 
Figure 4.1. Quorum sensing example, with low density of cells (A) and high density of 
cells (B). Once the quorum is reached, gene expression is prompted. 
 There is current discussion on the behavior of quorum sensing with relation to 
diffusion sensing and even gradient sensing. Spatial density, diffusion limitations, and 
their combination are all properties that can be attributed to some form of 
“communication” between individuals.121-123 Biofilm formation is quorum dependent, and 




diffusion. Reaction-diffusion systems124-130 are used to model the exchange and flow of 
different compounds where convection is limited, e.g., a biofilm or gel. 
4.1.2. Reaction-Diffusion Hydrogel Growth with WMSP in Agar Particles 
The urea-urease system has been previously coupled with the thiol-acrylate system to 
create a temporal controlled gelation of the monomers.77 By using the tunable clock of 
the urea-urease reaction to produce base, a Michael-addition type polymerization 
occurs. The reaction was performed using a trifunctional thiol and difunctional acrylate-- 
ethoxylated trimethylolpropane tri(3-mercaptopropionate) (THIOCURE® ETTMP 1300) 
and poly(ethylene glycol) diacrylate (PEGDA, average Mn = 700). 
 
Figure 4.2. Base-catalyzed reaction of ETTMP 1300 and PEGDA 700 to form the 
hydrogel network. 
This system can then be used in conjunction with the immobilized WMSP created to be 
a gelling agent or film forming agent for the particles. The solution prepared was 180 g 
of Nanopure™ water, with 1.8 g of urea (0.15 M), 13.12 g of ETTMP 1300 (0.05 M), 
10.59 g of PEGDA 700 (0.075 M), 3 drops of 1% antifoam AF, 0.5 g xanthan gum, and 
5 drops of 1% bromocresol purple in ethanol. Bromocresol purple has a pKa of 6.3 and 
is yellow below 5.2 pH and purple above 6.8 pH. This means that when urea was 




Because the thiol in the formulation is acidic, the solution color should remain yellow 
until ammonia was produced. Production of the above mixture required homogenization 
at 10000 rpm for 1 minute, as the xanthan gum needed to be properly dispersed. A 
degassing step was performed to remove any access bubbles. To accomplish this since 
the mixture is highly viscous, it was poured into a larger container to increase surface 
area contact with the negative pressure. Then that container was placed in a chamber 
and treated with successive vacuum and release iterations with mixing in between to 
collapse the bubbles or foam. 
 Once the translucent yellow solution was made, it was poured into petri dishes, 
and WMSP immobilized in agar particles was introduced. The urea hydrolysis from the 
urease contained within the WMSP then generated ammonia that would gel the mixture 
turning it blue. To confirm that the indicator color change was showing the front of the 
gel formation, a side-by-side test of solution with WMSP was done with indicator and 
without indicator. 
 
Figure 4.3. Plot detailing the position of the hydrogel formation compared to the pH 




A time lapse recording was done on both trials to compare the two. From Figure 4.3, the 
position versus time plot shows that there is negligible difference between the hydrogel 
and blue indicated areas.  
 A flow cell was setup with camera attached to investigate multiple layered 
hydrogel formation around the WMSP in agar particles. Since the particles had iron 
oxide in them, they can be positioned in the cell prior to adhesion. Once they were 
appropriately placed, three differently colored PEGDA/ETTMP solutions were flowed 
through the cell: 1) with bromocresol purple indicator to form a blue layer, 2) with no 
indicator to form a colorless layer, and 3) with a water dispersible red oil color to form a 
red layer. The first layer adhered the WMSP particles to the glass surface, and removal 
of the magnets can be done after just a few seconds. 
 
Figure 4.4. WMSP in agar particle with three ETTMP-PEGDA hydrogel layers made 
with bromocresol purple indicator, no indicator, and red oil colorant. 
After the three layers were visualized, a solution of 10 pH NaOH in deionized water was 
continuously recycled through the cell. This then hydrolyzed the ester bonds in the 
hydrogel which in turn degraded the gel. After 450 minutes, the three layers had 




WMSP in agar particles adhered to a surface, it was feasible to determine the strength 
of the ETTMP-PEGDA hydrogel. Initially it was thought that using the same flow cell, 
adhesion strength could be gauged by changing the flow rate and seeing detachment. 
 
Figure 4.5. Degradation of the hydrogel layered WMSP in agar with recycled 10 pH 
aqueous NaOH, right plot is the hydrogel diameter versus time plot. 
This proved not to be the case, as flow rates of above 2 L/min resulted in no 
detachment of any sized particle. Geometry was thought to be a factor, and WMSP agar 
particles were adhered inside the tubing in which fluid would flow; this also had no 
detachment. Scale up of the hydrogel was then done for mechanical testing. 
 Two types of test were carried out on the ETTMP-PEGDA hydrogel formulation: 
a lap shear test (based on ASTM F2255-03) and a peel test (based on ASTM D2861-
87). The lap shear test pulls on a thin sheet of polyethylene that was adhered to various 
size discs of hydrogel. The peel test is a perpendicular pull of the adhered polyethylene, 
here the polyethylene sheet width was varied. The hydrogel was made by spiking the 
monomer solution with 10% (wt) ammonium hydroxide in deionized water with a ratio of 
4 g of ETTMP-PEGDA solution to 40 µL of spike solution. The reasoning behind this is 
that the testing is already sensitive for a hydrogel, and the addition of a WMSP agar 




formed by the WMSP particle were done and plotted on the same graph to show that 
there was no strength difference between the ammonium hydroxide polymerized gel 




Figure 4.6. Mechanical testing of ETTMP-PEGDA hydrogel; peel test (top) and lap 
shear test (bottom). 
The testing was performed on an Instron 5582 Universal Tester equipped with a 2 kN 




4.1.3. Quorum Behavior with WMSP in Agar Particles 
Synthetic quorum sensing is an important study as analogues to the biological 
phenomena131-133. By modeling the biological communication with synthetic materials, 
perhaps some dynamics can be seen to mitigate biofilm formation or to utilize it in a 
beneficial way. Previously,134 agarose beads with watermelon seeds showed quorum 
behavior with reaction-induced convection. This has also been observed with the 
WMSP in agar particles with the ETTMP-PEGDA solution. 
A quorum with the WMSP particles occurs due to an acidic environment 
neutralizing the produced ammonia from the urea hydrolysis. Though with a “quorum” 
number of particles, the ammonia produced was enough to locally raise the pH, which in 
turn accelerates the urea-urease reaction. Coupling this behavior with the hydrogel 
solution, a biofilm analogue can be visually seen. 
 
Figure 4.7. Quorum behavior of WMSP agar particles in a solution of aqueous ETTMP-
PEGDA with bromocresol purple indicator, clusters of particles react faster (left) and 
larger particles and clusters react faster (right). 
Several parameters could influence the quorum sensing of these particles: number of 
particles, size of the particles, and all the solution concentrations (acidity, urea amount, 




concentrations of urea in the ETTMP-PEGDA solution, particles were purposefully 
placed in group configurations and discretely by size. 
 
Figure 4.8. Plot of three different urea concentrations of ETTMP-PEGDA solution with 
different sized particles versus the gel growth velocity. 
 
Figure 4.9. Hydrogel growth velocity versus the number of particles and with their 
corresponding urea concentrations. 
In both plots of Figure 4.8 and Figure 4.9, larger particles or more particles do indeed 
stimulate hydrogel growth. One of the theories for quorum is a gradient or diffusion 
sensing, in this system the smaller particles when in proximity of the larger ones could 





Figure 4.10. Urea gradient testing of ETTMP-PEGDA solution reacted with WMSP in 
agar particles. 
Table 3. Spot analysis results of urea concentration losses from Figure 4.10. 
 
To visualize the urea concentrations of certain areas, spot testing was performed of 
various locations in the WMSP reacted ETTMP-PEGDA system. To analyze the urea 
content, the Nessler’s assay was utilized—instead of analyzing an unknown enzyme 
sample, the same known activity sample was used in each trial. The unknown now 
comes in the form of 200 µL of urea consumed ETTMP-PEGDA solution, as 200 µL of a 
3% urea solution was the original assay amount. The assays did show that there was 
loss of urea in the solution of confined areas between particles. 
Spot 1 2 3 4 5
Urea Loss 0.0% 2.4% 20.6% 42.4% 24.7%
Spot 6 7 8 9 10




 Since all the pH profiles from the previous sections used constant stirring, it is 
likely that a similar density dependent behavior could be seen. The uniform squares 
(Figure 3.3) made from the casting the WMSP in agar would be the ideal case to test for 
this dynamic density dependent phenomena. 
 
Figure 4.11. pH and [OH] profiles for various counts of square agar individuals with 
WMSP [urea] = 13.9 mM with initial pH at 3.0. 
The testing conditions are 3.0 pH and a 500 µL spike of 10% (wt/wt) of aqueous urea. 
The solution volume was kept constant at 60 mL. Weighing at least 10 squares, an 
average weight per square is 72 mg, 5% of which is WMSP (14.4 mg/square). It is clear 
in this time frame, 2 squares in this solution is the minimum number needed to clock.  
4.2. Conclusions 
Quorum sensing and biofilm formation are important biological concepts that can be 
studied in various ways. Using WMSP encapsulated in agar particles and uniform 
squares is a synthetic approach to study a quorum-type behavior. Coupling this 
communicative property with thiol-acrylate monomers leads to a system that not only 
clocks when they are suitable in size or count, but also self-adheres and forms a gel 




diffusion or encapsulating technologies. Moreover, the gel when formed is quite resilient 
to fluid shearing motion on surfaces from glass to plastics. 
4.3. Future Work 
4.3.1. Temporal Controlled Adhesive with WMSP 
Preliminary work has been done to create an adhesive using WMSPs. Since the thiol-
acrylate system has been done in a hydrogel, concentrating the monomer content 
should make for a stronger adhesive. An unfortunate property of a one-pot thiol-acrylate 
glue is a short shelf-life due to free radical reactions of the monomers even with the 
inhibitors present. There are two ways to mitigate this: 1) use an alternative system or 
2) separate the two monomers for a two-pot system. To use the WMSP as a form of 
delayed base release, the adhesive would already have to be two parts—urea in one 
portion and the WMSP in the other.  
The thiol-acrylate system is very difficult to use in concentrated solutions for base 
catalyzed reactions: 1) low shelf life due to free-radical reactions and 2) addition of base 
causes heterogeneous phase separation. This means that the WMSP urea-urease 
reaction can be applied, as the clock can be tuned to release base after a user-defined 
induction period—e.g. lowering the initial pH, lowering the [urea], or WMSP amounts all 
can slow the clock reaction, and vice versa. 
 Initial trials were studied with ETTMP 1300-PEGDA 700 with high monomer 
ratios +30% (wt/wt) formulated with anhydrous ethanol, WMSP, urea, and bromocresol 
purple indicator. Fumed silica was added to viscosify the mixture into a paste. Urea has 
slight solubility in ethanol, but the alcohol allows for use of less ethoxylation and even 




reaction cannot take place. This means to activate the curing, the addition of water to 
the total formulation would drive the urea hydrolysis. 
 
Figure 4.12. Water activated, ethanolic formulation of ETTMP-PEGDA adhesive with 
WMSP and urea. 
This formulation was strong but only had a pot life of 1-2 months. It was then proposed 
to study the thiol-epoxy reactions. Not only do you gain pot life, but the –OH groups on 
the ring opening of the glycidyl groups should provide adhesion. Formulations were tried 
with three kinds of activation: water activation, where urea and WMSP are in 
formulation; WMSP activation, where urea-water is in the mixture; and lastly 2-part 
where part-a had WMSP and part-b had urea-water. The four of the most promising 
formulations are detailed in Table 4. Other monomers were added to the list of potential 
thiol-acrylate and thiol-epoxy formulations: 2,2′-(ethylenedioxy)diethanethiol (EDDT), 
trimethylolpropane triacrylate (TMPTA), trimethylolpropane triglycidyl ether (TMPTGE), 
trimethylolpropane tris(3-mercaptopropionate) (TMPTMP), and poly(ethylene glycol) 




Table 4. Adhesive formulations with WMSP and corresponding bond strength testing. 
 
Testing for the formulations were assessed on a 100 kgf force gauge with a manual 
screw and clamps Figure 4.13. The samples to be glued were two vinyl microscope 
slides, with 1 inch or ½ inch overlap depending on the strength of the glue. Once the 
samples were cured, they were clamped and broken until a peak force at break is read. 
Formulation #10 showed excess of 260 psi but had yet to break. For the formulations, 
the usual cure time is 5 hours, whereas formulation #10 hardened in 1-2 hours. Full 
cure time for #10 is at least 4 hours; at 2 hours the sample had a strength of 150 psi.  
Part A Mass (g) Part B Mass (g) Lap Shear Test (psi)
TMPTGE 3.78 WMSP 1.3
ETTMP 1300 16.22
20% Urea in 3 pH H2O 4
Fumed Silica 2
Part A Mass (g) Part B Mass (g) Lap Shear Test (psi)
TMPTGE 11.24 WMSP 1.3
EDDT 9.48
20% Urea in 3 pH H2O 4
Fumed Silica 1.36
Part A Mass (g) Part B Mass (g) Lap Shear Test (psi)
PEDGE 500 13.08 WMSP 1.26
TMPTMP 6.92
20% Urea in 3 pH H2O 4
Fumed Silica 1.19
Part A Mass (g) Part B Mass (g) Lap Shear Test (psi)
TMPTMP 10 TMPTA 7.4
WMSP 1 30% Urea in 3 pH H2O 2.6














Figure 4.13. 100 kgf force gauge with aluminum clamps, mounted on a movable manual 
screw crank. 
4.3.2. Other Potential Applications 
With the layering trials of the WMSP, it is possible to have sensors or active 
pharmaceutical ingredients in each layer, that could peel or erode away with certain 
stimuli. Also the WMSP in agar particles reaction with ETTMP-PEGDA solution can take 
place in a 3D environment making spherical particles. Urease can also be used in bio-
mineralization of cement,135, 136 which would require an inexpensive and available 
enzyme source, namely WMSP. WMSP is a highly stable, active, and cost effective 
material. Industrial applications generally optimize time and raw material costs which 






APPENDIX. ADDITIONAL FIGURES 
Table A.1. Dilutions of ammonium sulfate stock solution for calibration curve of 
Nessler's urease assay 
Stock Concentration:   
3.41 mg NH3 / mL   
   
Spikes of Stock (uL) NH3 (mg) ABS 
0 0.00 0.051 
150 0.51 0.709 
200 0.68 0.898 
300 1.02 1.307 
450 1.53 1.582 
250 0.85 1.091 
350 1.19 1.347 
 
 
Figure 0.2. Calibration curve of absorbance measured ate 420 nm versus ammonia 
(mg) produced 
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